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ABSTRACT: Condition monitoring is used to frequently monitor the parts of an engine. Since the failures are 
predicted in advance, the lifetime of the machine is increased, thereby minimizing the maintenance costs. Among the 
many techniques used for condition monitoring such as static, dynamics, thermal and Tribology, vibration analysis 
comes under the dynamic techniques. In this paper, the frequency domain analysis, which is one of the commonly used 
techniques in vibration analysis, is used for diagnosis of bearing faults. The methods used for frequency domain 
analysis in this paper are Discrete Fourier Transform (DFT), Envelope Analysis and Resampling. It has been found out 
that, envelope analysis gives better results than the remaining methods.  
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I. INTRODUCTION 
 
Integrated Vehicle Health Monitoring (IVHM) is one of the emerging trends in health monitoring. IVHM is the process 
in which data is collected in real time using sensors and continuous monitoring is done. This is called as condition-
based maintenance [1]. IVHM involves structural health monitoring, landing gear monitoring, engine bearing health 
monitoring, etc and combines everything in order to predict the complete performance of the vehicle. The percentage of 
the bearing faults in a engine is 42%, which is more compared to the other faults [2]. Hence bearing health condition 
monitoring is one of the major areas of condition monitoring. Bearings are used to connect the rotating parts of an 
engine in order to run the engine. The fundamental elements of a bearing are inner race, outer race, cage and rolling 
elements, i.e. balls [3]. For performing the frequency domain analysis, characteristic defect frequencies have to be 
found out. The characteristic defect frequencies of the bearing are calculated based on the bearing dimensions such as 
number of balls in the bearing ( BN ), pitch diameter ( CD ), ball diameter ( BD ), contact angle ( ), and shaft frequency 
( SF ). These dimensions, along with the bearing elements are illustrated in Fig-1. 
 
 
Fig-1Dimensions and elements of a bearing [3] 
 
II. CHARACTERISTIC DEFECT FREQUENCIES 
 
There are five types of characteristic defect frequencies in a bearing. The units of these frequencies are Hz and these 
can be calculated based on the following formulae [3]: 
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A. Shaft Rotational Frequency ( SF ) 
For the movement of bearings, shafts are important and hence the shaft rotational frequency is also an important factor. 
Based on this frequency only, other frequencies can be calculated. The shaft rotational frequency is represented as: 
60
RPM
SF 
                      (1) 
where, RPM is the rotational speed in revolution per minute 
B. Outer Race Defect Frequency ( BPOF ) 
The rate at which the balls pass a point on the path of outer race is given by outer race defect frequency. This is the 
most important frequency as this gives better results than the others, since outer race is the one where accelerometer is 
fixed to monitor the bearing. It is computed as: 

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where,  BN  is the number of balls in the bearing 
BD  is the ball diameter 
 CD  is the pitch diameter of the bearing 
     is the contact angle of the bearing 
C. Inner Race Defect Frequency ( BPIF ) 
The rate at which the balls pass a point on the path of inner race is given by inner race defect frequency. It is 
represented by the equation: 
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D. Fundamental Cage Frequency ( CF ) 
The rotational frequency of the cage is called fundamental cage frequency. The cage avoids the rubbing of balls against 
each other in order to reduce wear and friction. It is also called as fundamental train frequency and is represented as: 
BN
BPOF
CF          (4) 
E. Ball Spin Frequency ( BF ) 
The rate at which the balls rotate its own axis is called ball spin frequency. It is represented by the equation: 
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III. METHODS IN FREQUENCY DOMAIN ANALYSIS 
 
The frequency domain analysis involves analysing bearing vibration data based on the frequency. Methods which are 
used for this analysis are: 
 Discrete Fourier Transform (DFT) 
 Envelope Analysis 
 Resampling 
A. Discrete Fourier Transform (DFT) 
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Most of the bearing vibrations are periodical in nature and hence it is easy to extract the features using DFT. The DFT 
converts the time domain signal into frequency domain. This is done by splitting the time domain data into several 
segments and DFT is applied on each segment.  The discrete Fourier transform of a signal x(n) of length N can be 
mathematically defined as: 

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
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2
)()(
N
n
N
kj
enxkX

, 0 ≤ k ≤ N-1     (6) 
In DFT, the characteristic defect frequencies are given by peaks in the frequency spectrum, which helps to identify the 
difference between the normal and faulty bearings. Here, many peaks are masked by noise, which is the limitation of 
FFT. Envelope Analysis overcomes this limitation. FFT is calculated in MATLAB using the function 'fft'. A part of the 
code used for FFT analysis is given below: 
function [fq,XS] = FFTspectrum(s,Fs) 
T=length(x)/Fs; % time interval 
[X,F] = positiveFFT(x,Fs); X(1)=X(2); 
Nt = round(1600*T); 
fq = F(1:Nt)'; 
XS = abs(X(1:Nt));XS(1)=XS(2); 
  
function [X,freq] = positiveFFT(x,Fs) 
N = length(x); % get the number of points 
k = 0:N-1;     % create a vector from 0 to N-1 
T = N/Fs;      % get the time interval 
freq = k/T;    % create the frequency range 
X = fft(x)/N; % make up for the lack of 1/N in Matlab FFT  
cutOff = ceil(N/2);  
% taking only the first half of the spectrum 
X = X(1:cutOff); 
freq = freq(1:cutOff); 
 
B. Envelope Analysis 
Envelope analysis is used to extract the characteristic defect frequencies of the bearing [5]. In order to overcome the 
noises which were obtained in FFT spectrum, demodulation is done here. The important step in amplitude 
demodulation is the rectification of the signal. This is carried out to isolate the frequencies with the help of Hilbert 
transform. Envelope analysis consists of finding the magnitude of analytical signal and taking its FFT [6]. The 
analytical signal consists of real part and imaginary part, of which the imaginary part is the Hilbert transform. Let the 
analytical signal )(tax  be given by, 
)(~)()( txjtxtax        (7) 
Here, the real part )(tx  is the vibration signal. The imaginary part is Hilbert transform of )(tx  and is given by the 
equation, 



  dthxtx )()()(~       (8) 
The magnitude of the analytical signal is: 
)()( taxta         (9) 
The analytical signal is in time domain. By taking FFT of the analytical signal, it is converted into frequency domain 
and then envelope analysis is obtained. For carrying out envelope analysis in MATLAB, the Hilbert transform is first 
calculated using the function 'hilbert' and then applying FFT using the same code used for FFT as described in section-
A.   
C. Resampling 
Resampling is used for sample rate conversion. This is carried out by means of two steps namely, interpolation and 
decimation [7]. The sample rate of the vibration signal is increased in the process of interpolation and decreased in the 
process of decimation. Resampling is done to obtain the low frequency band. The operation of resampling is explained 
through Fig-2. 
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Fig-2 Operation of resampling [7] 
 
In Fig-2, x(n) is the input vibration signal. Interpolation is carried out on the signal by a factor of P and then it is 
passing through a filter to prevent aliasing. After that, decimation is carried out on the filtered signal by a factor Q and 
the resultant signal is the resampled signal y(n). By using this process, desired sample rate of a signal can be obtained. 
The resampling is carried out in MATLAB using the command ‘resample’. Here, P is taken as the required sample rate 
and Q as the original sample rate. By performing the Envelope analysis over the resampled signal gives the resampled 
spectrum. 
 
IV. RESULTS AND DISCUSSIONS 
 
The above three frequency domain analysis  have been carried out in MATLAB on the open source bearing data 
obtained from the bearing test rig of Case Western Reserve University [8]. The bearing used was 6205-2RS JEM SKF, 
deep groove ball bearing. The components used for the experiment are 2 hp motor, a torque transducer, and 
dynamometer. The details of the test conducted can be found in [8]. After analysing the vibration signals in MATLAB, 
the results obtained are plotted and comparison is done. The dimensions of the bearing used are:  
Number of balls   BN = 9, 
  Ball diameter  BD  = 0.3126 inches,  
Pitch diameter  
C
D  = 1.537 inches, 
Contact angle of the bearing   = 0 degrees. 
 
The characteristic defect frequencies calculated for the vibration data for different RPMs have been tabulated in Table 
I. 
TABLE I 
CHARACTERISTIC DEFECT FREQUENCIES (IN HZ) 
RPM 
BPOF  BPIF  BF  SF  CF  
1796 107.30 162.09 70.54 29.93 11.92 
1772 105.87 159.93 69.60 29.53 11.76 
1750 104.55 157.94 68.73 29.17 11.62 
1725 103.06 155.68 67.75 28.75 11.45 
 
From Table I, it can be observed that, as the RPM decreases, there is decrease in the characteristic defect frequencies. 
These form the basis for all the three frequency domain methods. Mathematical relation between the RPM and the 
characteristic defect frequencies have been done using curve fitting tool available from MATLAB. We consider first 
order linear equation to fit the data. Let RPM be an x and FBPO be a y, then the unknown m and c (as in eq. 10) are 
found by fitting the data using curve fitting tool. The relationship between the RPM and FBPO is shown in Fig-3.  It can 
be observed that, there is a linear relationship between the two parameters, which follows the straight line equation 
(10): 
cmxy                    (10) 
 Similar results are obtained when RPM is plotted against the remaining frequencies such as inner race defect 
frequency, ball spin frequency, shaft frequency and cage frequency. There are certain parameters which provide the 
goodness of fit. These are called goodness of fit statistics [9], which are: 
 Sum Squares Error (SSE) 
 R square 
 Root Mean Square Error (RMSE) 
x(n)     P Filter    Q y(n) 
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The sum of squares due to error (SSE) measures the deviation of the given values from the fit. SSE value has to be 
closer to 0 in order to get a better fit. The R square value measures success in the variation of data [9]. The value should 
be between 0 and 1 for a better fit. Root Mean Square Error (RMSE) denotes the index to the goodness of fitting. A 
smaller RMSE value represents a good fitting [10].  
 
Fig-3 Curve fitting of RPM vs FBPO 
 
The goodness of fit statistical parameters for all the five characteristic defect frequencies with respect to RPM is shown 
in Table- II. From Table II, it can be seen that, the values of SSE are close to 0, R-square close to 1, and RMSE values 
are small indicating that all the three parameters satisfy the conditions for a better fit. The coefficients 'm' and 'c' are 
those which relate the RPM and characteristic defect frequencies as shown in equation (10). The harmonics of these 
characteristic defect frequencies are calculated and tabulated in Table III. 
 
TABLE II 
GOODNESS OF FIT PARAMETERS (NO UNITS) 
CDF m c SSE (*10-5) R2 RMSE 
BPIF  0.0903 -0.0817 3.013 1 0.0039 
BPOF  0.0597 -0.0025 1.754 1 0.0029 
BF  0.0393 -0.0736 1.388 1 0.0026 
SF  0.0166 0.1208 1.737 1 0.0029 
CF  0.0065 0.0708 1.737 0.9999 0.0029 
    Note: CDF: Characteristic defect frequency 
TABLE III 
HARMONICS OF CHARACTERISTIC DEFECT FREQUENCIES (IN HZ) 
CDF Harmonics (Hz) 
f1 f2 f3 f4 f5 
BPIF  157.9 315.8 473.8 631.7 789.7 
BPOF  104.5 209.1 313.6 418.2 522.7 
BF  68.7 137.4 206.2 274.9 343.6 
SF  29.2 58.3 87.5 116.6 145.8 
CF  11.6 23.2 34.8 46.4 58.1 
 
From Table III, it can be noticed that the harmonic spacing is obtained in the plots in an interval of the values 
mentioned in the above table. In Table III, shaft frequency and cage frequency are dominant in all the cases and hence 
the harmonics of those frequencies appear in almost all the cases. The remaining three frequencies, which are, inner 
race defect frequency, outer race defect frequency, ball spin frequency and their harmonics are specific to the particular 
bearings in which the respective faults occur. The magnitudes corresponding to the harmonics of outer race defect 
frequency in the frequency spectrum for different types of bearing defects are given in Table IV.  
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TABLE IV 
MAGNITUDE CORRESPONDING TO OUTER RACE DEFECT FREQUENCY HARMONICS (*10-4) 
Data 
Outer race defect frequency Harmonics (Hz) 
OF1 
(104.5) 
OF2 
(209.1) 
OF3 
(313.6) 
OF4 
(418.2) 
OF5 
(522.7) 
OF6 
(627.3) 
OF7 
(731.9) 
OF8 
(836.4) 
Normal 7.0500 1.1073 0.6867 0.49 0.933 0.817 1.4926 0.7917 
IRD 2.6250 1.5207 10.3490 6.2978 2.8040 4.3959 0.6847 4.1159 
BD 23.48 4.2181 11.52 3.2117 3.824 3.4113 2.9541 0.8851 
ORD 1793 1665 8375 692 874 944 690 634 
Note:  IRD: Inner race defective bearing 
BD: Ball defective bearing 
ORD: Outer race defective bearing 
 
    In Table IV, OF1 to OF8 indicate the harmonics of outer race defect frequency. It is observed from the table that the 
magnitudes corresponding to the harmonics of outer race defect frequency for the outer race defective bearings are very 
high compared to other defects. Thus, outer race defect frequency is a useful feature in finding that the bearing has an 
outer race defect. Table V shows the values of magnitude in the frequency spectrum for the harmonics of inner race 
defect frequency.  
TABLE V 
MAGNITUDE CORRESPONDING TO INNER RACE DEFECT FREQUENCY HARMONICS (*10-4) 
Data 
Inner race defect frequency Harmonics (Hz) 
IF1 
(157.9) 
IF2 
(315.8) 
IF3 
(473.8) 
IF4 
(631.7) 
IF5 
(789.7) 
IF6 
(947.6) 
IF7 
(1105.6) 
IF8 
(1263.6) 
Normal 1.429 0.5942 0.4903 0.5459 0.7187 0.5180 0.7272 0.4068 
IRD 932 256 146 141 318 242 268 219 
BD 5.6271 3.95 1.9639 1.0169 1.0474 4.6666 0.4800 1.5201 
ORD 6.5844 28.184 1.1654 11.661 1.8757 6.3825 2.6427 0.6138 
  
In Table V, IF1 to IF8 represent the harmonics of inner race defect frequency. It can be observed from the table that the 
values of magnitudes corresponding to the harmonics of inner race defect frequency for the inner race defective 
bearings are very high compared to other defects. Hence, inner race defect frequency is a useful feature in finding that 
the bearing has an inner race defect. Table VI shows the magnitudes corresponding to the harmonics of ball spin 
frequency.  
TABLE VI 
MAGNITUDE CORRESPONDING TO BALL SPIN FREQUENCY HARMONICS (*10-4) 
Data 
Ball spin frequency Harmonics (Hz) 
BF1 
(68.7) 
BF2 
(137.4) 
BF3 
(206.2) 
BF4 
(274.9) 
BF5 
(343.6) 
BF6 
(412.4) 
BF7 
(481.1) 
BF8 
(549.9) 
Normal 1.627 1.2035 0.1986 0.1767 0.68 0.5482 1.0411 0.4089 
IRD 4.4974 3.2636 2.6557 0.6642 2.5603 1.5697 0.6321 1.6733 
BD 1.2801 3.8723 4.6588 0.9224 13.78 4.0836 1.356 2.3199 
ORD 6.3650 12.449 1.8453 1.9046 11.662 0.9973 1.1223 2.230 
 
In Table VI, BF1 to BF8 indicate the harmonics of ball spin frequency. From table, it can be seen that, for the third 
(BF3), fifth (BF5) and sixth (BF6) harmonics, the values of magnitude are distinct from the remaining defects. Hence, 
this feature is useful for the identification of the ball defect in the bearing. Since the ball hits both the inner and outer 
raceway, it is modulated by both the inner and outer race defect frequencies. Hence, it can be observed that, the 
magnitudes are also somewhat higher for the inner and outer race defective bearings than the remaining cases.  The 
comparison of three methods in frequency domain analysis for the inner race faulty bearings is shown in Fig-4. 
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Fig-4 Comparison of methods for inner race faulty bearings 
 
From Fig-4 it can be observed that, many of the peaks are masked by noises in FFT analysis. In envelope analysis, the 
peaks of characteristic defect frequencies are clear till the eighth harmonics. Here, the inner race defect frequency 
decreases from higher value to lower value till fourth harmonics and then increases suddenly in the fifth harmonics and 
the same trend continues after that. Resampling shows the lower order frequency range clearly. Hence, for this case, 
resampling can be concluded as a better method.  Fig-5 shows the comparison of frequency domain methods for outer 
race faulty bearings. 
 
Fig-5 Comparison of methods for outer race faulty bearings 
 
From Fig-5, it can be seen that, envelope analysis shows better results than resampling. This is because of the fact that, 
the peaks are visible clearly in Envelope analysis. The harmonics of the outer race defect frequency decreases till fourth 
harmonics and increases in fifth harmonics and after that, the trend continues similar to the inner race defect frequency 
in the previous case. Fig-6 shows the comparison for ball defect bearings.  
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Fig-6 Comparison of methods for ball defect bearings 
 
In Fig-6, FC represents the cage frequency, FBPO represents the outer race defect frequency and FBPI represents the inner 
race defect frequency. From Fig-6, it can be inferred that, harmonics of ball spin frequency cannot be identified by any 
of the three methods as the ball spin frequency is modulated by the inner and outer race defect frequencies which are 
visible in the frequency spectrum obtained by envelope analysis. 
 
V. GRAPHICAL USER INTERFACE 
 
A Graphical User Interface (GUI) was developed using MATLAB Graphical User Interface Design Environment 
(GUIDE) in which, when the input is loaded through mat file, the frequency domain analysis is done and the results are 
plotted. The GUI developed is shown in Fig-7. In Fig-7, through the ‘Choose file’ list box, any mat file can be selected, 
whose drive end values are displayed in the ‘Data – DE’ list box. From the diagram ‘Bearing characteristic defect 
frequencies’, the characteristic defect frequencies can be observed.  
As soon as the file is loaded by the user, the rotational speed, RPM and Shaft frequency are displayed. In addition to 
that, the values of the three main characteristic defect frequencies, i.e., Inner race defect frequency, ball spin frequency 
and outer race defect frequency are also calculated and displayed in the GUI layout. Then, the user can select the 
method of frequency analysis, namely, FFT, Envelope Analysis, or Resampling. According to the choice of the method 
selected by the user, the graph will be plotted and the frequency spectrum is displayed. The GUI layout will be closed 
as soon as the ‘exit’ button is pressed. The GUI will be exported to a word document, when the user presses the 
‘Export’ button and the word document is also opened.  
 
VI. CONCLUSION 
 
This paper demonstrate about the three methods in frequency domain analysis of a bearing namely, Discrete Fourier 
Transform (DFT), Envelope Analysis, and Resampling. It has been observed that, for inner race faulty bearings, 
resampling provides good results and for outer race faulty bearings, envelope analysis gives better results than 
resampling. For ball defective bearings, none of the methods give good results since it is modified by the inner and 
outer race defect frequencies. A Graphical User Interface (GUI) has  been developed to demonstrate these techniques.  
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Fig-7 Graphical User Interface (GUI) for frequency domain analysis 
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